Curcumin is a natural phytochemical with potent anti-neoplastic properties including modulation of p53. Targeting p53 activity has been suggested as an important strategy in cancer therapy. The purpose of this study was to describe a mechanism by which curcumin restores p53 levels in human cancer cell lines.
Introduction
Cancer is a diverse group of diseases characterized by abnormal cells growth and represents an important worldwide problem. Therefore, the search of therapeutic alternatives against tumoral cells has been a major challenge for scientific and commercial interest in the discovery of potent, safe and selective anti-cancer drugs [1] . Among them, antioxidants are molecules with therapeutic potential since they have the ability to neutralize reactive oxygen species but also have been attributed antitumor properties [2, 3] . An example of these natural compounds with therapeutic potential is curcumin, a natural phenolic compound obtained from the roots of Curcuma longa. Structurally curcumin is a molecule with polar central and flanking regions separated by a lipophilic methionine segment. Also, it has distinct chemical properties, among these the presence of α,β-unsaturated compounds (Michael acceptor) that facilitate intermolecular interactions with another molecules [4, 5] . The anti-tumor activities of curcumin have been demonstrated by some research groups [6, 7] . Particularly, it has been shown that it can induce cyclin-dependent kinase inhibitors, therefore this promotes p53 restoration in wild-type and mutant p53 cancer cell lines and represses the growth of numerous cancer cell lines by the phosphatidylinositol 3-kinase pathway (PI3K, AKT), Ras, and β-catenin pathways [8] . Curcumin is also a powerful antioxidant because it activates the Kelch-like ECH-associated protein 1-nuclear factor (erythroid-derived 2)-like 2 pathway (Keap1/Nrf2) under oxidative microenvironment [9] . The Nrf2 pathway is regulated by Keap1 by mediating its degradation, but when cells are exposed to electrophiles or oxidants, Nrf2 is stabilized and translocate into the nucleus, binding to the antioxidant response element (ARE) located in the promoter region of antioxidant genes and upregulates their transcription. Nrf2 functions as a transcriptional factor with multiple targets as NAD(P)H: quinone oxidoreductase 1 (NQO1) [10, 11] . This protein has multiple functions including neutralization of reactive oxygen species, detoxification of quinones and stabilization proteins for example; there is a report showing that NQO1 can interact with p53 causing its stabilization [12, 13] . p53 is a tumour suppressor gene product that can block cell progression through the cell cycle when deoxyribonucleic acid (DNA) is damaged [14] . It is localized into nucleus, where it functions as transcription factor of DNA sequence-specific in genes as p21. The activation of p53 can activate different gene pathways, resulting in apoptosis, cell-cycle arrest, DNA repair or senescence, among others [15] . Because of its biological importance, mutations in the TP53 tumour suppressor gene are observed in greater than 50% of all human cancers. The vast majority of p53 mutations that are associated with human cancer occur at the region of DNA binding recognition [16] . Moreover, mutant p53 in human cancer is commonly expressed at high levels and is more stable than wild-type p53 [17] .
Here, we investigated the mechanism of the activation of p53 mediated by curcumin. We showed that curcumin promotes the complex formation of NQO1-p53 leading to p53 stabilization [18] . High levels of NQO1 are not enough for the p53 stabilization; we demonstrated that the presence of curcumin is necessary to stabilize the p53-NQO1 interaction. Also, this interaction can promote the loss interactions between p53 and its negative regulators. The effect of curcumin on p53 levels is differential between the cancer cell lines because it only has effect on cell viability of HeLa, SiHa and CaSki but not in MDA-MB-231. So curcumin is a molecule with an important therapeutic potential in cancer cells with p53 wild type.
Materials and methods

Chemicals and reagents
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dicumarol, cycloheximide (CHX), dimethyl sulfoxide (DMSO), curcumin (C1386), protease inhibitor cocktail tablets EDTA-free (S8830), protein G sepharose (GE28), Trizma base (T1503), sodium chloride (NaCl S9888) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pierce BCA Protein Assay Kit (23225) and lipofectamine plus transfection reagent (15338100) were from ThermoFisher (Waltham, MA, USA) Nonidet P-40 (CAS 68412-54-4), anti-p53 mouse monoclonal antibody (DO-1), anti-NQO1 mouse monoclonal antibody (H9), anti-E6AP (E4) mouse monoclonal antibody, anti-lamin A/C (2A1) mouse monoclonal antibody, anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, L8) goat polyclonal antibody, donkey anti-goat IgG-HRP (sc-2020), and goat anti-mouse IgG-horse radish peroxidase (HRP, sc-2005) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Dulbecco's Modified, Eagle Medium high glucose (DMEM 11965-084) and fetal bovine serum (10500056) were from GIBCO.
Cell lines and culture
Cell lines HeLa, SiHa and CaSki were cultured in DMEM supplemented with 10% fetal bovine serum. MDAMB-231 cells were cultured in Dulbecco's Modified Eagle Medium Nutrient Mixture (DMEM, GIBCO, 11320-033) supplemented with 10% fetal bovine serum. All cell lines were cultured at 37°C in a 5% CO 2 incubator.
Western blot
The cells samples lysates were extracted with lysis buffer composed of 50 mM Tris, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 10 mM sodium phosphate, and a complete tablet protease Inhibitor Cocktail per 100 ml of buffer, and the protein concentration in the lysates was quantified using an enhanced bicinchoninic acid protein assay kit with bovine serum albumin as a standard. The total protein extract will be used for western blot analysis. Equal amounts of total protein were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred into a nitrocellulose membrane, followed by incubation overnight to 4°C using the following dilution of primary antibodies: anti-p53 (1:100), anti NQO1 (1:1000), anti-MDM2 (1:500), anti-E6AP (1:1000), anti-lamin A/C (1:500), anti-GAPDH (1:1000) and following by incubation with secondary antibody in blocking solution 1 h room temperature; anti-mouse (1:10000), anti-goat (1:20000) finally protein expression levels were visualized with Li-COR C-DiGit chemiluminescence western blot scanner and UVP Imaging system.
Pulse and chase assays
The cells were seeds in p35 plates at density of 1.5 × 10 5 cells/plate and treated with curcumin at concentration of 20 μM for 24 h, the treatment with curcumin was removed and the cells were washed with PBS, continuing with the treatment with CHX with a concentration of 50 μg/ml as previously reported [19, 20] , the CHX treatment is a standard protein synthesis inhibitor and aliquots of cells were collected every then minutes starting on 0 min, 10 min, 20 min so on until 60 min immediately following addition of the compound cells were lysed with lysis buffer composed of 50 mM Tris, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 10 mM sodium phosphate, and a complete tablet protease Inhibitor Cocktail per 100 ml of buffer, p53 protein abundance at each time point was analyzed, by western blot as described.
Immunoprecipitation assays
The cells were seeded in p60 plates at density of 2.5 × 10 5 cells/ plate and treated with 20 μM curcumin for 24 h and then lysed, after centrifugation, the clear cell lysate was separated from the pellet of cell and then incubated 2 h at 4°C with 50 μl Protein G sepharose, 1 μg of antibodies and 0.5 mg/ml RNAse A, after incubation the sepharose beads coupled to protein G were washed 20 times with lysis buffer. For western blot, the resulting immunoprecipitates were resolved by SDS-PAGE, then the gel contents were transferred to a nitrocellulose membrane and probed with specific antibodies, finally protein expression levels were visualized with Li-COR C-DiGit chemiluminescence western blot scanner (LI-COR Biosciences, Lincoln, Nebraska USA).
Cell viability assays
Cell viability was determined by the MTT (M2128) assay [21] . HeLa, SiHa, CaSki and MDA-MB-231 cells (5 × 10 4 cells/well) were seeded in a 96-well plate and treated with 10 μM and 20 μM curcumin (C1386) for 24 h. After addition 10 μl per well MTT (5 mg/ml) solution the cells were incubated at 37°C for 4 h, the formazan crystals were dissolved using 50 μl DMSO [41] . The cell viability was determined by measuring the absorbance at 570 nm on a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA).
Transfection of PANC1 cells with NQO1 plasmids
PANC1 cells (Null to NQO1 were obtained from American Type Culture Collection (ATCC CRL-1469) were transient transfected using Lipofectamine plus transfection reagent with 1 μg pCDNA3 NQO1 or 1 μg pCDNA3 (Empty Vector) the plasmids were obtained from addgene nonprofit plasmid repository. The results were obtained from three separate biological replicates. The cells transfected and PANC1 wild type (non transfected) were treated with curcumin, pulse and chase assay was performed. The expression levels of p53 protein were analyzed by western blot as described above.
Statistical analysis
Results are expressed as mean ± SD. Statistical tests were performed using GraphPad PRISM version 6.0c. The ANOVA test with Tukey was applied to compare the means of groups, a p < 0.05 was significant.
Results
Curcumin treatment increases the levels of NQO1, p53 and p21
Previous studies have shown that curcumin is capable to activate the Keap1/Nrf2 pathway in order to increase the expression of phase II enzymes including NQO1 [22] . To determine the participation of curcumin on the Keap1/Nrf2 in our model, we evaluate the activation of the Keap1/Nrf2 pathway through the translocation of Nrf2 to the nucleus in Hela, CasKi and SiHa cervical cancer cells lines and MDA-MB-231 breast cancer cells in response to curcumin treatment. We confirmed the immunodetection of Nrf2 in the nuclear extract after 20 μM of curcumin treatment in all cell lines (data not shown) and observed the overexpression of NQO1 ( Fig. 1A) . Therefore, we determine that curcumin induces the nuclear translocation of Nrf2, an event that indicates the activation of the Keap1/Nrf2 pathway and the increased levels of NQO1 that is consistent with the Nrf2 nuclear translocation. Then, we observed that curcumin treatment also increases the p53 levels ( Fig. 1B) . All together, these results indicate that curcumin may have an important role in the activating the p53 pathway. To evaluate the functionality of p53 pathway in response to curcumin treatment the expression of its target p21 was evaluated. We showed that curcumin increases the expression of p21 in cervical cancer cell lines with p53 wild-type genotype (CaSki, HeLa and SiHa) meanwhile, this effect was not observed in MDA-MB-231 cell line that has mutated p53 ( Fig. 2A ) which has decreased p53 activity. These results indicate that curcumin activates the Keap1/Nrf2 pathway in our cellular model with wild-type p53 and leads to the activation of p53 pathway.
In order to evaluate the effect of curcumin on the cell viability a MTT assay was performed. Cells were treated with 10 μM and 20 μM of curcumin; non-treated cells (−) and cells treated with vehicle (V) were used as control. Curcumin treatment induces a significant decrease on the cell viability was observed at the p53 wild type cervical cancer cell lines. Interestingly, at the same concentrations, MDA-MB-231 cells with p53 mutated were resistant to the cytotoxic effect of curcumin. These results suggest that the cytotoxic effect is related with the activation of the p53 wild type (Fig. 2B ).
Curcumin increases the half life time of p53
It is widely reported that the half-life time of p53 is 20 min in physiological conditions [23] . In order to evaluate the effect of curcumin on the half-life of p53 we analyzed its stability after treatments with curcumin or cycloheximide, a well-known inhibitor of protein synthesis [24] . It was found that p53 stability of HeLa, SiHa, CaSki and MDA-MB-231 cells without treatment with curcumin was 20 min (Fig. 3A) , however when cells were treated with 20 μM curcumin, p53 protein was detected until 60 min (Fig. 3B) . These results suggest that curcumin is able to enhance the p53 half-life of tumor cells. 
Curcumin promotes the interaction between p53 and NQO1
The NQO1 interaction with p53 under stress oxidative conditions has also been observed [25, 26] . In order to evaluate whether curcumin promotes the physical interaction of p53 with NQO1, immunoprecipitation assays were performed. In these assays, p53 was inmunoprecipitated and then NQO1 was revealed by western blot assay. Non-treated cells were used as control. The input material was evaluated against p53 and NQO1 in increasing amounts of protein (2.5 and 5%). It was found that NQO1 physically interact with p53 when HeLa, SiHa and CaSki cells were treated with curcumin ( Fig. 4A) . These results suggested that NQO1-p53 complex could be stabilizing p53 in response to curcumin treatment for altered cell viability.
In order to show that the effect of curcumin could avoid the interaction between p53 and its negative regulators ubiquitin ligase E6-associated protein (E6AP) a immunoprecipitation assay was performed (Fig. 4B) . In order to address this question cells with wild type p53 were used for this purpose because we did not observe any effect on cell viability in MDA-MB-231. To evaluate the change in the direct interaction between E6AP and p53 in response to curcumin treatment, E6AP protein was inmunoprecipitated and then p53 was revealed by western blot assay. Non-treated cells were used as control. The input material was evaluated against p53 and E6AP in increasing amounts of protein (2.5 and 5%). Results showed that curcumin treatment induces loss of interaction between p53 and E6AP (Fig. 4B ). All together, our results showed that curcumin induces loss in the E6AP-p53 interaction and favors interaction of NQO1-p53 protein complex to promote cytotoxicity on the cervical cancer cells with p53 wild type.
Curcumin is necessary for complex NQO1-p53 and p53 stabilization
To determine whether the enzymatic activity of NQO1 is required for p53 stability when curcumin is present, the cells were treated with curcumin and after they were treated 4 h with 100 μM of dicumarol (a NQO1 activity inhibitor). To evaluate p53 stability a pulse and chase assay was performed. Results showed that p53 half-life time was less than 60 min when the cells were treated with dicumarol ( Fig. 5A ). This suggests that stabilization of p53 by NQO1 depends on an intact enzymatic activity of NQO1. In order to demonstrate if NQO1 is responsible for p53 stability, we used pancreatic epithelioid carcinoma cells (PANC1), a cell line null to NQO1 gene [27, 28] . We first treated wild type cells PANC1 (non-transfected) with curcumin and interestingly, observed no stabilization of p53 ( Fig. 5B ), suggesting that the presence of curcumin is not sufficient to increase the half-life of p53. NQO1 expression was reestablished by exogenous expression of NQO1 messenger cloned in a plasmid (PCDNA-NQO1). After 48 h of transfection, pulse and chase assay was performed in PANC1 transfected cells, but without curcumin treatment, and again the stabilization of p53 was not observed (Fig. 5C ) even when NQO1 protein was expressed, suggesting that the presence of NQO1 is not enough to increase the half-life of p53. Surprisingly, when transfected cells were then treated with 20 μM curcumin, stabilization of p53 was indeed observed (Fig. 5C ). This result clearly showed that curcumin is necessary to promote the stabilization of p53, via interaction with the NQO1 protein.
Discussion
Tumor suppressor p53 plays a central role in protecting the genome and preventing cell transformation [29] . However, normal cells must maintain p53 levels under tight control to prevent death. Despite mutations in the p53 gene occurring in 50% of all cancers, cervical cancer cells as HeLa, SiHa and CaSki cells retain functional wild-type p53 [30, 31] while, MDA-MB-231 cells has a loss-of-function mutation in TP53 gene [32] . Therefore, cancer cell lines with wild type p53 can reactivate downstream pathways and consequently promote cell death and decrease cell viability [33] . Hence, p53 restoration may be a promising therapeutic strategy, however, stability of p53 is an important factor for the reactivation pathway. The main negative regulator of p53 is MDM2, however in HPV-positive cancer cell lines like HeLa, SiHa and CaSki, viral oncoprotein E6 forms a complex with E6AP and their physical interaction with wild-type p53 promotes its degradation via the ubiquitin pathway [34] . The half-life of the p53 protein is short (20 min); during periods of cellular stress, the p53 protein is regulated by a negative feedback mechanism. Here we show that curcumin increases the half-life of p53 up to 60 min and present data on the role of NQO1 in protecting p53 from degradation which are consistent with data previously reported [35] . However, in this work we demonstrated that curcumin is necessary to promote NQO1-mediated stabilization of p53. NQO1 plays an important role in this stabilization because it can physically interact with p53. NQO1 is even considered an anticancer enzyme since it protects cells from oxidative stresses [36] . Thus, the use of dietary compounds to induce the expression of NQO1 has emerged as a promising strategy for cancer prevention [37] . Compounds as curcumin had the ability to translocate Nrf2 which in turn bind to ARE in the promoter region of antioxidant enzymes and increase the expression of phase II antioxidant proteins such as NQO1 [38, 39] . The increase in NQO1 levels is one of the results of the translocation of Nrf2 to the nucleus induced by curcumin. NQO1 is a protein that can form complexes with other proteins to stabilize them, including p53.
In this report, we propose that curcumin is necessary to induce NQO1 and promote its interaction with p53, which in turn results in an increase of the p53 stability, contrary to previous reports [40, 41] . In 2005, Tsvetkov et al. showed that curcumin and dicoumarol destabilized p53 in M1 mouse myeloid leukemic cells transfected with a plasmid containing a temperature-sensitive p53 [135 Ala → Val] (M1-t- Fig. 4 . Curcumin promotes interaction between p53 and NQO1. CaSki, HeLa and SiHa cells were treated with 20 μM curcumin for 24 h and NQO1 (31 kDa) was detected by immunoblot analysis following immunoprecipitation of p53 (53 kDa) from cell lysates. The input material was evaluated against p53 and NQO1 in increasing amounts of protein (2.5 and 5%). (A) The p53-NQO1 interaction after treatment with curcumin was evaluated. Cell lines were treated for 24 h with 20 μM curcumin and p53 (53 kDa) was detected by immunoblot analysis following immunoprecipitation of E6AP (100 kDa). The effect of curcumin in the interaction between E6AP-p53 is shown. (B) The input material was evaluated against p53 and E6AP in increasing amounts of protein (2.5 and 5%). p53). M1-t-p53 protein has a wild-type conformation and activity at 32°C, but not at 37°C. In addition, they used mouse A31N-ts20 cells which had a temperature-sensitive E1 ubiquitin activating enzyme, that is inactivated at 39°C and causes accumulation of p53. They observed degradation of M1-t-p53 by low doses of curcumin (20 μM) and dicumarol (100 μM) in mouse cells growth at two different temperature conditions (39°C or 32°C). However, the same authors showed degradation of WT p53 in the p53-null cell line HCT116 from human colorectal cancer cells [40] , In that report, cells were transfected with human WT p53 and treated with high doses of curcumin (60 μM) and dicumarol (300 μM) [40] . In our report we used cell lines derived from human cervical cancer; HeLa, SiHa, and CaSki. These cell lines exhibit a low basal wild-type p53 expression due to the presence of the Human Papillomavirus (HPV) E6 oncoprotein, therefore, in this case the mechanism for degradation of P53 is dependent on the formation of a complex between E6 and the E6AP protein. Finally, it is important to emphasize that we used low doses of curcumin (20 μM) and dicumarol (100 μM).
On the other hand, Zeekpudsa et al. in 2014 reported an increased expression of p53 when NQO1 activity is inhibited by dicoumarol. The authors used two Opisthorchis viverrini-related cholangiocarcinoma cell lines (KKU-100 and KKU-M214) with high and low NQO1 expression levels, respectively [41] . To decrease NQO1 levels, the authors used a specific NQO1 siRNA. On the contrary, in our work we used human cervical cancer cell lines with wild-type p53 and importantly, we use curcumin, which plays a central role in directing the interaction between NQO1 and p53 to promote its stabilization. It is worth to mention that in the report of Zeekpudsa et al., curcumin was not used. Our results indeed demonstrate that curcumin is necessary to promote the maintenance of an environment in which p53 and NQO1 can interact, and therefore increase the half-life of p53.
Finally, our data also showed that the physical interaction between NQO1 and p53 promote its loss of interaction with its negative regulator E6AP. Moreover, NQO1 exhibits catalytic enzyme properties, first reported by Ernster and Navazio in 1958 [42] , that we here shown necessary for the stabilization of p53, since dicumarol, an inhibitor of NQO1 activity, inhibits the stabilization of p53, consistent with the previously reported [43, 44] .
We here propose a model in which p53 stability is determined by two effectors acting together: curcumin and NQO1 (Fig. 6 ). Curcumin activates the Keap1/Nrf2 pathway and promote the increase of NQO1 levels and, in the presence of curcumin, NQO1 can interact physically with p53 and promote its stability. Also, the formation of the NQO1-p53 complex promote the loss of interaction between p53 and its negative regulator E6AP. In cancer cells with wild-type p53, like those positive for HPV, the stabilization of p53 promotes a reactivation of the p53 pathway, and therefore decrease cell viability.
Conclusions
Our results demonstrate the importance of curcumin in the regulation of p53 stability. In this work we demonstrate that curcumin treatment increases p53 levels and provides an appropriate cellular environment for p53 and NQO1 to interact. At the same time this interaction promotes the loss of interaction of p53 with its negative regulator E6AP, the negative regulator of p53 when HPV E6 oncoproteins are present. In our work, HeLa, SiHa and CaSki tumor-derived cell lines that have wild-type p53 and downstream pathways intact, therefore curcumin may be a potential therapeutic agent for tumors with wild type p53.
Author's contributions "CCPM, ESR, and AGC conceived the study, designed the Fig. 5 . Curcumin increases p53 stability in a NQO1 dependent manner. Pulse and chase analysis were performed in cell lines treated for 4 h with 20 μM curcumin 24 h and 100 μM dicumarol (NQO1 Inhibitor). (A) the effect of the inhibition of NQO1 activity by dicumarol on p53 stability is shown. Pancreatic carcinoma cells null to NQO1 (PANC1 cells) wild type and transfected with 1 μg pCDNA3 EV (empty vector) or with 1 μg of pCDNA3-NQO1 (to express the complete NQO1 protein) were treated with 20 μM for 24 h and after pulse and chase of p53 (53 kDa) was performed. The chase of proteins was performed every 10 min and revealed by immunoblot, the effect of treatment with curcumin on p53 stability in (B) absence of NQO1 (PANC1 WT or PANC1+ pCDNA3) and when (C) NQO1 levels are restored is shown. CHX = cycloheximide. experimental strategy, analyzed the results, and drafted the manuscript. CCPM. EAO, and VAV carried out molecular biology studies and performed statistical analysis. EOS and JPC participated in drafting the discussion and helped to revise the manuscript. All authors read and approved the final manuscript." Fig. 6 . Schematic model of effects of curcumin in the p53 stabilization. Curcumin activates the Kelch-like ECH-associated protein 1-nuclear factor (erythroidderived 2)-like 2 pathway (Keap1/Nrf2) pathway; Nrf2 is translocated into the nucleus and binds to the antioxidant response element (ARE) sequences increasing the expression of NAD(P)H: quinone oxidoreductase 1 (NQO1). NQO1 is translated and binds to p53 promoting the loss of interaction between p53 and its negative regulators. Curcumin also stabilizes the interaction between NQO1-p53. In cells with wild-type p53 (WT p53) the p53 pathway is activated and has an effect on cell viability whereas in cells with mutated p53 (MT p53) there is only accumulation of p53 without effect on cell viability.
